We demonstrate the operation of a surface emitting light emitting diode. The wavelength of the emitted light can be tuned with the applied voltage. The device is based on a p-GaAs and n-Ga 1Ϫx Al x As heterojunction containing an inversion layer in the p side and, GaAs quantum wells in the n side, and, is referred to as HELLISH-II ͑hot electron light emitting and lasing in semiconductor heterojunction͒. The device utilizes hot electron longitudinal transport and, therefore, light emission is independent of the polarity of the applied voltage. © 1995 American Institute of Physics.
In principle, the operation of conventional semiconductor light emitters is based on the vertical transport of charge carriers in a forward biased p-n junction. 1 The incorporation of quantum wells in the active regions of conventional light emitting diodes has provided better photon and carrier confinement so as to enhance their efficiency. 2 One drawback of conventional and quantum-well light emitters appears to be that the light emission is confined to a small region of the facets of the devices. Thus the compatibility in generic integration technology remains a problem. Furthermore, the wavelength tunability in either type of devices cannot be achieved intrinsically on a single device. 3 The research on simple devices that emit light from the surface with good control of wavelength tunability, and which can be fabricated in large scale two-dimensional arrays has been largely stimulated by potential applications in optical signal processing. These include light logic and optical computing, switching, interconnects. One possible candidate for such a simple functional device is the light emitting charge-injection transistor ͑CHINT͒. 4 Another light emitting device ͑HELLISH-I͒ has been proposed by us, and was shown to have a built-in multiwavelength light logic. 5 In this letter we report our studies on a new HELLISH device and propose a simple model to explain its operation. Figure 1 shows the schematic energy-band diagram of the device which is designed for single or double wavelength operation. Also shown in the figure are the structure and the growth parameters of the device. The structure was grown with molecular beam epitaxy and fabricated into the form of simple bars. Ohmic point contacts were formed by diffusing Au/Ge/Ni to all the layers. Photoluminescence spectra of the sample, measured at 77 K is shown in Fig. 2 . The emission peak at h 2 ϭ1.58 eV is the quantum well e1-hh1 emission. The broad peaks at low energies correspond to the confined electron-hole recombination in the inversion layer ͑h 1 ϭ1.51 eV͒ and the e-neutral acceptor transition in the bulk GaAs ͑h 0 ϭ1.49 eV͒. Figure 3 shows the electroluminescence spectra of the same sample. In these experiments electric field pulses of a few microsecond duration were applied along the layers with a duty cycle less than 0.1%. The electroluminescence was collected from the surface of the sample as described elsewhere. 6 The electroluminescence was independent of the polarity of the applied voltage, thus, the observed light emission is associated with electric field heating of carriers, ͑elec-trons in the quantum wells and holes in the p layer͒. It is evident from Fig. 3 that at low electric fields the broad emission has a peak at h 1 . As the electric field is increased, however, the spectra develops a high-energy tail as is expected from a Maxwell-Boltzmann distribution of hot carriers. 7 At higher fields another peak at energy h 2 appears, the intensity of which grows faster than the first peak with increasing field. Eventually at an electric field around F eq ϭ1.2 kV/cm the spectra shows two peaks of equal intensity.
The carrier dynamics in the device is illustrated in Fig. 4 . The potential profile of the device has been calculated using Schrödinger's and Poisson's equations self-consistently. Variational wave functions were used to describe the elec- trons in the inversion layer 8 and in the quantum well 9 , by fixing the Fermi level as determined experimentally. Although the current modeling does not consider quantum wells away from the junction, it gives a sufficiently good account of the device operation. External voltage is applied between the two point contacts and hence, the electric field is parallel to all the layers. Both the electrons in the quantum wells and in the inversion layer and the holes in the p layer are, therefore, heated up by the field to temperatures greater than the lattice temperature. ͑Due to their larger effective mass, the hole temperature is appreciably lower than the electron temperature.͒ Hot electrons in the quantum well adjacent to the junction plane are then injected into the inversion layer because of the enhanced tunneling and thermionic emission currents at finite nonequilibrium temperatures according to 10 jϭ j therm ϩ j tun ,
where j therm , j tun , m*, F(E), ⌰͑E z ͒, are the thermionic and the tunneling components of the current, electron effective mass, electron temperature dependent Fermi-Dirac function, transmission coefficient, and a cylindrical coordinate in a plane perpendicular to the well, respectively. Other constants have their usual meanings. The accumulation of excess negative charge in the inversion layer induces modification of the junction. The p side of the depletion region decreases so as to preserve the charge neutrality. Thus the electron and the hole wave functions overlap in the vicinity of the inversion layer giving rise to radiative recombination which peaks at an energy around the GaAs interband transition ͑ h 1 ͒, as is observed and illustrated in Fig. 3 . When the field is increased further, the hot electron current into the inversion layer increases. The nonequilibrium electrons in the inversion layer ͑which also see the same external field͒ heat up and occupy higher energy states according to their Fermi-Dirac distribution. The inversion layer luminescence is therefore expected to develop a high-energy tail representative of a Maxwellian distribution. However, since the emitted light is collected from the surface of the sample, photons with energies high enough to be absorbed by the quantum wells are re-emitted at an energy corresponding to e1-hh1 transition ͑h 2 ͒ as shown in Fig. 3 . With increasing field both the injected nonequilibrium electron density and the occupancy of the higher energy states in the inversion layer increase further. Therefore, more highenergy photons become available for absorption in the quantum wells. As a result, the intensity of re-emission at h 2 increases rapidly with increasing field as observed in Fig. 3 .
The wavelength can be tuned to give three or more emissions. This can be achieved by designing the sample struc- ture to include quantum wells of decreasing well widths with increasing distance from the junction plane as illustrated in Fig. 5 . In this configuration, the third emission peak is expected to appear as a result of the development of a highenergy tail in the first quantum well ͑L 1 ͒ emission. Photons with energies higher than the e1-hh1 separation in the second quantum well ͑L 2 ͒ will be absorbed and re-emitted as the e1-hh1 recombination at an energy h 3 in the second well.
Since the light emission is independent of the polarity of the applied voltage, i.e., the emitted light intensity is an exclusive OR function of the electrical input, the device has a built-in multiwavelength light logic function as illustrated in Fig. 6 . In the figure, V 1 , V 2 , and V 3 correspond to the applied voltages for h 1 emission only, equal intensity h 1 and h 2 emissions, and equal intensity h 1 , h 2 , h 3 emissions. At each of the emission peaks the light output is an exclusive OR function of the polarity of V. In conclusion the HELLISH-II device described here has the following advantages over conventional light emitters:
͑i͒ In HELLISH-II only two diffused point contacts are required. Therefore, the fabrication of the device is simple. ͑ii͒ Light emission is due to carrier heating. Therefore, the emitted light intensity is independent of the polarity of the input voltage. ͑iii͒ As a result of ͑i͒ and ͑ii͒ the fabrication of a twodimensional array of surface emitters can be achieved easily. ͑iv͒ The device can be tuned from a single to multiple wavelength operation by varying the applied voltage. ͑v͒ The device can perform single wavelength or multiwavelength light logic tasks. 
